
The M I  imino units in Escherichia cola’ tRNA?*, 
tRNAC‘”, tRNAph”’, and tRNAm were studied by ‘H-’.% 
NMR wing three different techniques to suppress sig- 
nals of protons not attached to I‘N. Two of the proce- 
dures, Fourier internuclear difference spectroscopy 
and two-dimensional foxbidden echo spectroscopy per- 
mitted % and 15N chemical shifts to be measured si- 
multaneously at ’H sensitivity. The tItNAs were la- 
bekd by fermentation bf the uracil auxotroph S4187 
on a minimal medium containing [l-lSN]uraciI. ‘R and 
15N resonanm were detected for dl of the N1 f imino 
units except f13  at the end of the dihydrouridine stem 
in tRNAGIu. Chemical shifts for imino units in the 
tRNAs were compared with “intrinsic” values in model 
systems. The comparisons show that the Am% pairs at 
the base of the anticodon stem in B. coli tRNA”‘ and 
tRNATYr have in an anti conformation. The PI1 pro- 
tons of * in ether locations, inchding 5r32 in the an- 
ticodon loop of tRNAFb, forin internal hydrogen bands 
to bridging water molecuIes or Z‘-hydroxyl groups in 
nearby ribose units. These interactions permit P to 
stabitize the tertiary structure of a tRNA beyond what 
is provided by the U it replaces. 

. 

Pseudouridine (*) is a unique G-nucleoside produced by 
post-transcriptionaI modification of selected uridines (U) in 
the tRNA$ of prokaryotes and eukaryotes (1). The base is a 

, highly conserved feature of the T W  sequence at positions 
54-56 and frequently occurs in position 39 at the base of the 
anticodon sbm. % occurs less frequentIy at other locations. 
The role of Q in tRNAs is not clear. T h e  highly conserved 
rk55 in the T 9 C  loop occurs at a sharp bend in the phospho- 
diester backbone and may also bind to ribosomes during 
protein biosynthesis (2). lk39 appears to be an essential fea- 
ture in tRMAs that participate in regulation ofthe operon for 
their cognate amino acids (3, 4). Prominent examples are 
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HisT mutants of Salmneth typhimurium which lack 

m$ 
enzyme for conversion of U to *- These strains p d  
family of undermodified tRNAs that axe charged by thG 
respective aminoacyl synthetases but are defective in 
tion (4,5). 44 

is  potentidry oonsiderably more versatile in its h& 
bonding interactions than the U it replaces. For example, a 
bonds to A to form a Watson-Crick base pair in a c o n f o d  
tion where the pyrimidine carbonyl group adjacent to 
glycosidic linkage is anti to the ribose ring. An mti q . 
Watson-Crick pair of vefy ~ i m i l a ~  topology can also be form 
by using the C2 carbonyl and N3 proton in IIr to form h y d d  
bonk  to A (Structure I). UnIike U, a second structute @ 

glycusidic bond places the C4 carbonyl o n  to the sugar fi 
possible for *- In this case, the conformation about 

and the CZ carbonyl and Nl proton interact with A in tb 
base pair. Hurd and Reid ($7) noted that an AIT pair with 
in the am5 orientation resembles a normal Watson-Crick AU; 
pair and suggested that atypical syn pairing between A31 
@39 i s  required for the regdahry function. 

provides another elemen 
satiliiy in both the syn and anti conformations. 
NH moiety is created when the sugar is shifted fmm 
to C5 in lk, and the proton presents a site 
third hydrogen bond to q. An interaction 
proton should stabilize&he structure of 
vicinity of Ik beyond what is possibIe for U. 

When we began this investigation, no reliable techniq 
existed for determining the COnfOmUItiQn of 
pairs in tRNAs. The resolution of currently availabk x-ray 
structures is tao low to distinguish between syn and ~4 
conformers. Since many of the protons involved in h y m n :  
bonds in tRNAs exchange slowly with water, they are Ob- 
served as discreet resonances by NMR spectr0scoPY- A 
rnents for the proton attached to Nl of !P39 in yeast 
based on ‘H chemical shifts (6, 7) were, however, unconv’ 
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RG. 1. Cloverleaf structura of E. coli tRWAP (A), tRNA'" m), tRNAw (C), and tRNApht (W). 
Labeled bases me indicated with old English letters. 

jng, A normally reliable approach based on nuclear Overhau- 
effects (NOE') (%lo) between protons in 9 and A  SO 

in an incorrect assignment (11). we now report a 
1~-]5N Nm study of the pseudoundine NI-H Units for the 
faour Es~kerichLa coli tRNAs shown in Fig. 1. 

EXPERIMENTAL PROCEDURES 

M&riah--5 '-0-Acetyl-2' 3 '-0-isopmlidene adenosine was pur- 
chasd from Sigma. [l-'5N]Umcil was synthesized from potassium 
IlsN]cyanide by the  method of Roberts and Pmlter (12). A uracil 
nuxotroph of E. coli also lacking cytidine deaminase (S4 187) WBS 
gmwn to late log phase at 37 "C on a minimal medium which con- 
tained 10 pg/ml of [l-%T]uracil. Crude tRNA was obtained hyphen01 
extraction and isopropyl aIcohol precipitation. Pure samples of Nl- 
labeled E. coli tRNAp,  tRNAch, tRNATr, and mNApk were ob- 
h i n d  by chromatography on two DEAE-Sephadex columns, the first 
at pxJ 7.5 and the second at pH 4.0, amording to pubIished pmdures  
(13, 14). The level of incorporation was greater than 90% as deter- 
mined by the lack of a 'H peak for unlabeled tRNA between the 
doublet for the protan at NI of M 5  in tRNACh- 

[ I  ,3-?Jz]5-(2',5',8'-Trioxadecyl)uracii was prepared from [1,3- 
''Npjuracil according to the produres  of Cline and #-workers (15). 
A mixture consisting of 50 mg (0.44 mmol) of ~l,3-"N2jumcil (KOR 
Isotopm), 14.4 mg (0.48 mmol) of paraformaldehyde, and 0.66 mi of 
0.5 N potassium hydroxide was allowed to stir for 24 h at 50 "C. The 
solution was neutralized with 5% hydrochloric acid and water was 
removed at reduced preswre. The d i d  residue was dissolved in 7 d 
of Z-(Z+thoxyethyl)ethanol, 25 p l  of concentrated hydrochloric acid 
was added, and the resulting solution was allowed to stir at W "c for 
1 h. Solvent was removed at redud pressure, and the residue w a s  
purified by flash chromatography on silica gel by elution ~ t h  85~15 
b/v) chloroform:msthanol (RF = 0.15) to yield 92 rng (80%) of a 
whitcl solid: 'H NMR (CDCI,) 6 10.4 (d, 2, H at N1 and N3, JiN.'5pr = 
95 Hz), 7.78 (s, I, H6), 4.40 Is, 21, 3+90 (8, 4) 3.80 (s, 41, 3.75 (s, 4), 
3.62 (q, 2, J = 6, CH2 of ethyl), and 1.23 pprn It, 3, J = 6 Hz, CHs); 
"N NMR (CDCls) 159.0 W3) and 128.5 pprn (Nl). 

Tri-0-aoetyl pseudouridine was synthesized from pseudourihe 
(Sigma) by the procedure of Bobek and w-workers (16). The material 
WB$ a colorless glass, RF = 0.34 on silica gel when eluted with 955 
(v/v) ch1omform:methanol; 'H NMR (CDCL) d 10.38 &r s, 2, B at 
€41 and N3), 7.72 (s, 1, H at C6), 5.47 (m, 2, Bat  C1' and C Y ) ,  4.99 
Id, 1, J = 5 Hz, H at C3'), 4.39 (br s, 21, 4.22 (m, 11, and 2.18 ppm 
Ibr S, 9, acetyl methyls). 

Preparation of NMR Samples-Samples of tRNAGh (7.0 4, 
t R N A F  (6.5 mg), and tRNApk (8.0 mgf were dissolved in 400 pl of 
10 m M  cacodylate buffer, pH 7.0, which mntaind 50 mM swlium 
chloride, 10 mM magnesium chloride, 1 r n ~  EDTA,and8% deuterium 
oxide. CWAQr (6.0 mg) was dissolved in 400 4 of 10 mM cacodylate 
buffer, p H  7.0, which contained 100 m~ sodium chloride, 15 rnM 
magnesium chloride, 1 mM EDTA, and 8% deuterium oxide. 

N M R  Measuremnts--'H and =N spectra for the model studies 

I The abbreviations used are: WOE, nuclear Overhauser effect; F, 
rrequency dimension; FES, forbidden echo spectmsoopy; FINDS, 
Fourier internuclear drfference: spectroscopy; INJIOR, internudear 
double resonance; JIDS, J coupling-modulated internudear differ- 
ence spectroscopy; t, time dimension; 7, gyromagnetic ratio. 

were recorded on a Varian FT80-A NMR spectrometer. 'H chemical 
shifts were referenced to internal tetramethylsilane or 2,Z-dimethyl- 
2-silapentane-5-dfonate and 16N chemical shifts, to an external 2.9 
M solution of ammonium chloride in 1 M hydrochloric acid. The 15N 
shifts me given relative to ammonia at 25 "C using a correction factor 
of 24.9 pprn (17) as previously described (18). NMR data for the 
tRNAs were obtained on a Nicolet NT 360 MHz spectrometer with 
a probe triply tuned for 'H, 2H, and "N and an NTC-1180 data 
processor (19). The 360 MHz IH decoupler frequency was mixed down 
to 36.49 MHz, filtered, amplified, and used for 15N pulses and decou- 
p h g .  15N decouplingutilized a WALTZ-16 sequence (20) and the ISPI 

DIM= variations were controlled by an AdNic Products (R Collins, 
k0)  Black Box. 

Three different pmedures we& used to obtain NMR spectra. Two 
of the methods. fourier internuclear difference spectroscopy (FINDS) 
(21,22) and forbidden echo spectroscopy (FES) (18) yield 'H and I5N 
chemical shifts for 'H-15N units. The third, J-modulated internuclear 
difference spedroscogy (JlDS), gives 'H ~ ~ a n c e s  for only those 
protons bound to I5N. We have previously described applications af 
FINDS and FES to '5N labeled tRN&- (18,Zl). Application of JIDS 
is described under "Results." 

Two-dimensional data sets consisting of 32 blocks of 1600 tmn- 
sients were mllsded for tRNAT" and 48 blocks of 3200 transients 
were collected for t.RN&'M,".t, tRNAG'", and tRNAm. The two-dmen- 
sional sets were transformed in the t2 dimension and then "left 
shifted" in the tl dimension by applying a linear phase c o d a n  to 
the two-dimensional data set S(tl, FA. After transformation to S(F1, 
Fe), the fmquencies of the double quantum coherences were plotted 
as =N versus 'H chemical shifts. 

REWLTS 
B 

Detection of Protons in 'H-15N Pah-The two most in- 
formative procedures for studying 'H-I5N units by NMR are 
FINDS and FES. Both can be used to obtain 'H and "N 
chemical shifts with the sensitivity of the proton nucleus. The 
'H signals from 'H-15N units are doublets due ta the brge 
internudear scalar coupling of 90-100 Nz between '€3 and 
directly bonded 15N. Upon application of a decouphg field at 
the resonance frequency, the 'El signal for the attached 
proton collapses to a single peak while signals for all other 
protom in the sample do not change. When two free induction 
decays, one with decoupling on-resonance and the other 
with "N decoupling off-resonance, are coIlected, subtracted, 
and transformed, the 'H difference spectrum only shows 
signals for protons attached to =N. A11 other 'H signals 
k p p e a r .  The resulting FINDS signals appear as 3-line de- 
rivative patterns with outer lines (the W-sN doublet) oppo- 
site in sign to the inner h e  (the decoupled 'H singlet). I6N 
chemical shifts are obtained by reducing the decoupling power 
to the minimum needed to collapse the 'H-''N doublet in a 
decoupling experiment at a single frequency. A series of 'H 
spectra are obtained as the frequency of the I5N decoupler is 
varied in small increments. The resonance frequency for the 
nitrogen in an 'H-"N pair is chosen as the decoupkr fre- 



quency which produces the largest amplitude in the central 
peak of the FINDS dispersion pattenr. 
This concept is illustrated by the spectra shown in Fig. 2. 

Part B is a series of 'H spectra for the imino protons in [1,3- 
W2]5-( 2',5',8'-~o~decrIluracil with decouphg at the 
indicated 15N chemical shifts. Part A is a series of the corn- 
sponding FINDS spectra. As the frequency of the "N decou- 
pler is adjusted downfieid from 146 ppm, the doublet centered 

and collapses to a singlet. At the corresponding 'H chemical 
shift in the FINDS spectrum, a dispersion pattern appears 
which reaches maximum intensity for decouphg at 159.9 
ppm. The 'H doublet centered at 11.3 ppm is attached to a 
nitrogen whose resonanm frequency is outside of the range 
used for fiN decoupling. Hence, this '€3 signal does not change 
as the 15N decoupler frequency is varied nor does a 'I3 signal 
appear at that position in the FINDS spectrum. 

FINDS is the most sensitive of the pxwedures, and in 
conjunction with broad band 15N dmupling, can be used to 
scan for 'H-=N units. Sensitivity in a RNDS expexbent is 
a function of the separation of the inner peak and the outer 
peaks since overlap results in a subtraction that reduces 
intensity. Some losses are experienced for tRNAs where the 
proton l i e  widths are -from 20 to 35 per cent of the 'H-15N 
coupling constants. Resolution in the 'H dimension is a 
function of the magnitude of the 'H-*"N coupling constant. 
The line width cf a FINDS pattern is equal to the sum of the 
proton line width plus the 'H-15N coupling constant. tRNAs 
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FIG. 2. Fouriex internadear differenoe spactrascopy 

(FINDS) and IH spectra of [1,3-'6Nz]5-(2',5',8'-trioxade- 
cy1)urmA A 1:1 mixture of [1,3-i5N~J5-(2'8',d'-t~oradecyl)- 
uracil and 2',3'-O-isopropylidene-5'-O-acetyl adenosine in chlom- 
form-d at 25 "C, 0.2 M total nuchside oonmtration. FINDS is 
shown in park a and n o r d  'H spectra in part b. Sixteen were 
acquired with irradiation of ''N at the chemical shifts indicated 
between the FINDS and 'H spectra (omresonance) or at 1000 Hz 
downfield from the indicated chemical shift (off resonance). 

typically give FlNDS patterns 125 Hz wide, and it is some- 
times difficult to disentangle signals for W-=N units whose 
3H and uN signals are closely spaced This can limit the 
accuracy of 15N chemical shifcs determined by FENDS. Reso- 
lution in the n i h g e n  dimension is also limited by the level 
of decoupling power required to collapse the proton doublet, 
which in Borne cases may exceed the true nitrogen line width. 

Multiple quantwn two-dimensional NMR spectroscopy of+ 
fers geverai advantages for studying 'H-"N units. Although 
not as sensitive as FINDS, the two-dimensional FES 
ment is an extraordinarily efficient way to determine 15N 

chemical s h i .  A large range of 15N chemical shifts can be 
measured in a single experiment, and the resolution is only 
limited by the true proton and nitrogen line widths. The two- 
dimensiomd maps for the four W A S  required less than 6 h 
apiece of acquisition time with samples approximatefy 0.5 mM 
in 'SN. Factors that cantribute to the high sensitivity inclu& 
detection of 'SN through the higher y 'H nucleus, elimination 
of 'H-=N coupling in the 'H signals, and the short duration 
of the pulse sequence which avoids excessive lass of magnet, 
ization from rapid relaxation of the protons. Additional ad- 
pantages include the chemical shift dispersion inherent ifi 
two-dimensional maps and i n m e a d  reliabilitr for defining 
EN chemical shifts (18). , 

We have used a third proixdure, J-rncdulated internuclear 
difference spectroscopy (JIDS). to rapidly observe only those 
protons attached to 15N in a tRNA when nitrogen chemical 
sWt information isn't required The pulse sequence is shown 
in Fig. 3. The technique is similar to a classic spin echo 
experiment with on- and off-resonance 180" pulses on the 
heteroatom, except the proton 180" pdse is deleted. A selec- 
tive proton p u h ,  such as a Rdfield 2-1-4 sequence, is used 
to excik the region of interest without perturbing the large 
water signal. The spins are allowed to precess for a period AI 
= 1/W. During this time, the protons bonded to "C and "M 
are labeled with the frequency of their chemical shift, while 
protons bonded to I5N are labeled with both their chemical 
shift and k d ,  depending on the spin state of the nitrogen 
When a nitrogen pulse of 180" is applied, the spin state of the 
nitrogen which the protop sees is interchanged. After 811 

additional time A2 = l/U:the J-moddated frequency infor- 
mation i s  lost, and the protons bonded to I5N carry no label 
from the nitrogen. However, if the 180' pulse is not appTied, 
onIy the protons attached to 15N continue to dephase by a 
total of n radians, or 180*, during the evolution period of Z{l/ 
U). When the two experiments are subtracted, the signals 
from protons bonded to "C or I4N, which are not frequency 
modulated by the 180' pulse on I5N, are canceled, and only 
the signals from protons bonded to "N remain. The phase 
error introduced by the effect of the protan chemical shift 
during the evolution period is resolved by application of a 
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brst-o&r phas  correction. Thi3 procedure gives a simple 
singlet for each 'H-"N unit, rather than the broad three-line 

obtained with difference &coupling at high p e r .  
~b~ sequence also avoids the 180' pulse on the protons ~ 5 8 d  
in spin echo difference spectroscopy, which is diffidt to 
realize in experiments conducted in H20 without overloading 
the dynamic range of the spectrometer. Application of JuSs 
to E. mfi tRNAm will be presented later in this section. 

Model Siud&-Formation of hydrogen bonds to the imino 
p u n s  in nucleic acids is accompanied by downfield shifts 
in the NMR signals of the proton and the nitrogen. When 
nucleosides are dissolved in chloroform, the imino protons 
(23) and nitrogens (24,251 also experience downfield shifts of 
simikr magnitudes when hydrogen bond acceptors are added 
to the solution. M&l studies with chloroform-soluble deriv- 
atives have provided valuable guidelines for assigning NMR 
peaks of related structures in nucleic acids. Since model shifts 
were not available for 9, we initiated a study to determine 
the ifitrinsic and hydrogen bonded chemical shifts for the two 
imino units in the C-nucleoside. 2',3',5'-Tri-O-acetyl pseu- 
domidine was used to determine proton chemical shifts, but 
because I5N labeled * was not available, WN shiks codd only 
be obtained over a very limited range of concentrations by 
direct observation on an lT-80A NMR spectrometer. A more 
mmpkte study was conducted with [ 1,3- l5NZ] 5 - (2',5 ' ,8' -triox- 
&cyl)uracil, a chloroform-soluble analog we prepared from 

The 'H chemical shifts for the protons at N1 and N3 in 
monomeric 9 were determined by successive dilution of a 
chloroform solution of the tri-0-acetyl derivative. The signal 
for the proton at N1 was assigned by its coupling to the proton 
at (26. Atthough splitting could not be clearly discerned at 
ambient temperature, the peak for Nl was broader due to 
coupling than that for N3. BeIow O"C, the peak for N l  
sharpened into a doublet due to the coupling to the proton at 
C6 ( J  = 2 Hz). In a 0.2 M chloroform solution of tri-0-acetyl 
pseudouridine at 26 "C, both imino protons resonated at 10.41 
ppm. Dilution of the solution disrupted h e r  formation and 
forced the equilibrium population toward the monomeric 
state. Signals for the protons at N l  and N3 moved upfield to 
limiting vaIues at infinite dilution of 8.5 and 8.8 ppm, respec- 
tiwIy. These chemical shifts are representative of what on? 
might expect when i s  located in a hydrophobic pocket. ''N 
chemical shifts could nat be determined at natural abundance 
with the dilute samples. 

Addition of 2',3 ' - 0-kopropylidene-5 ' -0-acetyl adenosine 
to a solution of hi-0-acetyl pseudouridme at 26 "C with total 
nucleoside concentration maintained at 0.2 M produced a 
downfield shift in the imino protons at N1 and N3 to limiting 
values of 11.9 and 13.2 ppm, respectively, as shown in Fig. 4. 
Both resonances moved further downfield to respective values 
of 13.17 and 14.17 pprn when the sample was cooled to -35 'C. 
This behavior is similar to that seen for chloroform-soluble 
derivatives U or 'I' in the presence of A and suggests that both 
Protons in 9 form hydrogen bonds to A in the model system. 
The limiting vaIue of 14-17 ppm for the imino proton at N3 
in an Alk pair is very close to chemical shifts of 14.35 and 
14-25 ppm for UA and TA solutions at -35 "C {see TabL I). 
The resonance for the imino proton of G in a GC model is 
only slightly upfield at 13.93 ppm (25). Chemical shifts in 
tRNAs vary considerably from measured 'intrinsic" values 
for models because of the anisotropy of neighboring groups. 
For example, resonances of imino protons in AU pairs hate 

measured from 12.75 to 14.8 ppm (IS), and a similar 
latitude should be possible! for AJG. pairs. It is apparent, 
themfore, that one cannot distinguish among imino protons 
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FIG. 4. 'Et and "N chemical shifts for solutions of 2',3'.6'- 

tri-Q-acetyl pseudouridine and 5'-a0etyl-Z'.3'-O-i~popropyli- 
dene adenosine. 'H chemical shifts (W) were measured with solu- 
tions 0.2 M in total nucleoside at 26 "C. UN chemical shifts (a) were 
measured 6 t h  a 1:1 mixture of 0.5 M in total nucleoside at 26 "C. 
Part a, PI1 imino unit; part 6, N3 imino unit 

MOLE FRACTION 

Nucleoside 

2',3'-GIsopropylidene- 
5'-O-acetyluridine 

riboth ymidine 
2',3',5-Tri-O-acetyl 

pswdouridine 
5-{2',5',8'-Trioxa- 

decy1)uraCil 

2',3 ',5 '-Tri-@ben~oyl 

Kin0 
nitrogen 

N3 

N3 

N1 
N3 
Nl 
N3 

6, PP" 
8.0" 14.35b 

14.306 

8.5d 13.37* 
Ud 14.rP 

12.0' 
13.g 

6, PPm 
157.3' 162.p 

L55.Q 160.4b 

1302 
158.0" 
129.4 131.0' 
157.4" 161.5' 

"Chloroform solution at 26'C extrapolated to infinite dilution 

bChIoroform solution, 0.02 M pyrirnidine and 0.18 M 2',3'-0- 

"Chloroform solution, 0.2 M nudeoside at 26 'c. 

(26). 

isopro&idene-5'-0-acetyl adenosine at -35 'C. 

Chloroform sotution extrapolated to infinite dilution at  26 "C. 
Chloroform solution, 0.5 M at 26 "c. 

'Chloroform solution, 0.02 M pyrimidine and 0.18 M Z'J'-O-iso- 
pmpylidene-5'-0-acetyI adenosine at 26 'C. 
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in AU, A 4 ,  AT, QI p a h  or between syn and anti A 9  
conformers solely 011 the bask of proton chemicd shifts. 
sN chemical shifts were measured for 0.2 M solutions of 

tri-0-acetyl pseudouridine and for solutions 0.1 M in tri-0- 
acetyl pseudouridjne and the chloroform-soluble adenosine 
derivative. The N1 resonance moved downfield 130.6 to 
131.9 ppm, while that for N3 moved horn 158.9 to 161.0 ppm. 
Although we had clearly not attained the concentra~on of A 
needed for limiting values, 15N signals could not be measured 
at lower concentrations of !F. These measuremeneS were, 
however, sufficient ta demonstrate the large difference in 
nitrogen chemical shifts for NI and N3 and that both reso- 
nances are sensitive to the formation of hydrogen bonds. 
An analog of q, [1,3-'~NN,J5-(2',.5',8"-trio~decyI)uracil was 

prepared so the chemical ~hifts of the pyrimidine nitrogens 
could be measured over a wider range of concentrations. ks 
shown in Ti. 5, at 26 "C the proton shifts of the N1 and N3 
units in the analog moved downfield from 10.2 and 10.4 ppm 
to 12.0 and 13.3 pprn, respactively, as the mole fraction of 
adenosine was. increased to 0.9. These changes were virtually 
identical to those observed for tri-o-acetyl pseudouridine 
under similar conditions. In the same sample, shifts for NI 
and N3 at 129.0 and 157.4 ppm moved downfield to 131.0 and 
161.5 ppm, respectively. Undoubtedly, larger shifts would 
have occurred at -35 "C. These comparisons of tri-0-acetyl 
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FIG. 5. 'Hand I6N chemical. shifts for solutios of [1 ,S-W2]  
5-(2'.5',8')trioxadec;yl)aracil and 5'-a~ty~-2",3'-O~~-isopro- 
pylidene adenosine. H (a] and I5N (e) chemical shifts measured 
with solutions 0.2 M in total nucleoside at 26 "C. Part g N1 imino 
unit; part b, N3 imino unit. 

FIG. 6. A 'H-'6N FINDS spectrum at 1 5 T  for E. cdi 
tRNA?. tRN&* from E. coli grown on [l-"N]urad. The sample 
was dissolved in 10 rnM cacdylate buffer, pH 7.0, containing 50 mM 
sodium chloride, 10 m~ magnesium chIoride, 1 mM EDTA, and 8% 
(v/v) deuterium oride. A total of 2400 scans was accumulated with 
broadband irradiation of 'sN chemical shift (on-resonance) and 10w 
Hz downfield (off-resonance) on alternak sums. 

and the analog with uridine in the presence of adenosine 
are sufficient to demonstrate that one cannot unambiguously 
cllstinguish between A - U and A a Y pairs by 'H and l5P3 chem- 
ical shifts when 9 is in the anti conformation. An A. I pair 
with Q in the syn conformation, however, should havk a H- 
N1 imino unit with a proton chemical shift near 13 ppm 
correlated with a unique nitrogen resonanoe near 132 ppm. 
The resuks of the model studies are summarized in Table 1. 
'If and I5N NMR Spectra of Nl  Labeled tRNAs-E. FOG 

t W A F  has a single % at position 55. Correspondingly, a 
single 'H peak at 10.57 ppm was observed in the FINDS and 
FES spectra shown in Figs- 6 and 7- The FLNDS spectrum 
was taken without nitrogen chemical shift correlation, but the 
FES spechum gave a correlated nitrogen shift of 134.9 ppm. 
Clearly, access of the N1 iminoproton to bulk solvent is 
impeded, either by steric exclusion of water or a combination 
of steric exclusion and hydroge; bonding. The proton and 
nitrogen chemical shifts are in between values expected for a 
free N1 unit and one paired with A or a phosphate oxygen? 
The 'H shift is in the range e-d for @-oxygen interac- 
tions when the oxygen dqxor is a sugar hydroxyl or an 
immobilized water mole~ule. 

The FES map of tRNAG" at 15 "C shown in Fig. 8 has a 
single peak With proton and nitrogen shifts of 10.42 and 135.4 
ppm. This resonance i s  very close to the 10.57 and 134.9 ppm 
peak for q55 in the two-dimensional map for tRNA?# and is 
assigned to the corresponding base in tRNAG1". A second peak 
for 913 is not observed The small peak seen at 10.5 and 
141.0 ppm has a nitrogen shift outside of the known range for 
N1 units and is attributed to noise. We conclude that the N1 
proton in W 3  exchanges rapidly with bulk water and a 
discreet signal is not seen or the resonances for 913 and 1 5 5  
overlap in both dimensions, a situation not observed for other 
W A S  with more than one Q. 

E. coli tRNA* has P at positions 39 and 55. A FES 
spectrum of the molecule shows peaks for two 'H-15N units. 

D. R. Davis and C. D. Poulter, unpublished results. 
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FIG. 7. A contour map of a 'H-"N FES spectrm at 15 "C 
for E. coli €RNkMd. W A F a  from E. di grown on jl-W]uraCil. 
The sample was prepared as described in the legend to Fig. 5. A total 
of loo0 x 24 mans was acquiredwith dewupling. The tl  dimension 

was multiplied by an exponential factor correspondmg to 15 Bz of 
line broadening in each dimemion and transformed. The  absolute 
value of the spectrum is plotted 

WB ~ e r ~ - f l l d  to 128 data points a d  t~ td  of 1000 x 128 mints 
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FIG. 8. A contour map of a lH-lBN PES spectrum at 15 "C 

for E. coli tRNA*'u. tRNAG'" from E. mlz grown on [I-15NJuracil. 
The sample was dissolved in 10 mM cacodylate buffer, pH 7.0, 
containing 100 mM sodium chloride, 15 r n ~  magnesium chloride, 1 
r n ~  EDTA, and 8% (v/v) deuterium oxide. A total of 1600 X 20 scans 
was acquired with =N decoupling. The tl dimension was zero-filled 
to 128 data points and a total of 2000 X 128 points was multiplied by 
an exponential factor corresponding to 15 Bz of line broadening in 
each dimension and transformed. The  absoIute value spectrum i6 
plotted. 

One appears at 10.55 and 135.2 ppm, values nearly identical 
to those for Wi5 in tR;NAF, and we assign this peak to the 
955 N1 moiety in tRNA*. The other has a proton shift of 
10.50 ppm, which overlaps the 10.55 resonance, and a well- 
resolved nitrogen resonance at 132.4 ppm. Thus, two distinct 
regions of intensity are seen in the two-dimensional map. The 

'H and 15N shifts for the q39 N1 unit are again consistent 
with hydrogen bonding to a neighboring sugar hydroxyl or an 
immobilized molecule of water. The 'H chemical shift is 
clearly outside the range expected far an A - 9 hkraCtion, 
demonstrating that q39 does not pair with adenosine in a syn 
Am* Watson-Crick structure under the conditions of the 
NMR measurement. 

E. coli tRNApk has pseudouridines located at positions 32, 
39, and 55. A JIDS spectrum (see Fig. 9) has 'H peaks at 
10.45 and 10.60 ppm with the latter peak having approxi- 
maFly twice the intensity of the former. No 'H si& is 
observed between 12.5 and 14.0 ppm in the region where the 
imino proton in an A$ pair in the syn conformation would be 
expected The enhanced dispersion provided by 'H-'5N chem- 
ical shift correIation i s  nicely illustrated by the FlES map 
shown in Fig. 10 where three well-resoIved peaks at 10.45/ 
132.9, 10.60/135.3, and 10.65/132.5 ppm are seen. The two- 
dimensional resonance at 10.60/135.3 ppm has 'H and % 
shifts which most nearly match those assigned to 955 in 
tRNAy" and tRNA*- The tandem shifts to lower field for 
tRNAph indicate a slight change in the environment of the 
N1 unit, perhaps reflecting a conformation change in the 
T9C loop. The peaks at 10.45/132.9, and 10.65/132.5 ppm 
have chemical s h i  similar tu that observed for q39 in 
tRNATYr and suggest that the structure of the A31 I q39 pair 
is similar in both tRNAs. One of these two signals must come 
from Q32 in the anticodon Imp. Chemical shifts for the 
tRNAs are summarized in Table 11. 

DISCUSSION 

One of the major limitations of NMR for the study of 
biopolymers is the high density of peaks in the Qectmm. 
Regions with closely spaced peaks are difficult or impossible 
to interpret because the resonances cannot be resolved and 
assigned to specific structural features. This situation is fur- 
ther exacerbatmi by the broader peaks u s d l y  found when 
studying larger molecules. The power of 'H-I5N chemical shift 
correlation in conjunction with sitespecific labeling for cir- 
cumventing problems associated with spectral density is evi- 
dent. Of the more than 900 protons and 250 nitrogens in a 

b 
1 " " 1 ' " ' 1 " " 1 " " 1 " " ~ '  
15 14 13 I2 IJ IO 

B"PPm 
FIG. 9. A LUIS  spectrum at 1 5 T  for E. coli tRNAFh". 

tRNAph born E. coli grown on {l-mN]uracil. The sample was dis- 
solved in 10 r n ~  cacodylate buffer, pH 7.0, oontaining 50 mM sodium 
chloride, 10 rnM magnesium chloride, 1 mM EDTA, and 8% IvJv) 
deuterium oxide. A total of lo00 scans was acquired, multiplied by an 
exponential factor corresponding to 15 Bz of line broadening, and 
transformed. The absolu.ute value spectrum is plotted 
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to a water moIeecule in the interior of the T W  loo 
examined t h ~  region in the x-ray crystal structure of 
tRNk'" and found two possibIe interactions (28). On 

z 
0 - 
I 

two possibilities. rk55 is located at a sharp bend in the phm- 
phodiester backbone, and the Nl hydrogen bond may help to 
stabilize a region under stress. 

The conformation of Ik in A+*  pairs has been of interest 
for several years, especially the A31 - 439 interaction found at 

L" 

'H CHEMICAL SHIFT 8(pprn) 
FIG. 10. A contour map of a WmN FES spectrum at 15 "C structure for the A31 - W39 pair in yeast tRNA- on the basis 

for E. d i  tRNAPb". tRNAPh" from E. coli on [I-WJUradz. 
The -de was P r e p d  as desEribd in the lwd 
of 800 x 24 scans was collected with '6N decouphg. The tl dimension 
was to 128 data pGinN and total of 2ooo 128 points 
was multiplied by an eKponentia1 factor cmresponding to 15 HZ of 
line broadenkg in each dimension and transformed. The absolute 
vdue spectrum is plotted. 

of a assignment of the N1 proton ~0~~ to a peak at 
13.1 ppm. Roy and co-workers (8, 9) proposed syn Fig* 8* A 
conformation for the pair but ycently revised their assign- 
ment W). Their o r s n d  assignment was based on an NOE 
fmm 8n imino ~~~OKEUICE at 13.2 ppm to an reso- 
nance at 6.85 ppm. The signal persisted in a sample deuter- 
iated at the purine C2 position. The most likely candidate for 
the NOE was the proton at c6 of q, hence the assignment of 
the 13.2 resunance to the adjaoent proton at N1. Unfortq- 
nately, deuteration was not compieb, and the NOE was 

tRNA Base 8 In0 8 mNb apparentIy to the C2 proton of A31 in residual unhbeIed 
purine. Using a two-dimensional method similar to ours, they 
now assign the N1 and N3 units in !P39 to signals at 10.6/135 
ppm and 13.2/163 ppm, respeCtiveIy. Our results for E. COIi 

*55 10.42 135.4 tRNApb" and tRNA* clearly support an mti A31 - 439 pair 
M 9  10.50 1322 for these molecules as weI1. The N1 protons for q39 in the E. 

10.55 334.8 coli and yeast tRNAs all resonate in the vicinity of 10.5 ppm, *55 
Tyr 

Phe q332 10.65 132.5 
-E39 10.45 132.9 a chemical shift consistent with hydrogen bonding of the 
*55 10.60 135.3 imino proton to a water molecufe ox a sugar hydroxyl. The x- 

ray structure of ye& tRNAPk! with W 9  in the wti confox- 
mation places N1 approximately 5.5 hL from an oxygen at P38 
(291, a distana compatible with hydrogen bonding of the 
attached proton to a bridging water molecule. There are no 
nearby sites for a bond C l i r e C t l ~  to another P d  of 
the tRNA. 

Anti A31 in yeast tRNApf", E. coli tRNAT", and 
E. coli tRNAphe h e  toPOIOgieS  very similar ta normal. A*lJ 
pairs. In all cases the proton at N3 is bound to A. Although 
the 10cations of CZ and C4 interchange for U and q, the 
tOpo10gy of the pyrimidine moiety is similar when viewed 
from A. The most significant difference between &i A -  * 
and A=U pairs is the additional locus for hydrogen bonding 
present at N1 in q. The small increment in stabilization may 
be important for reducing conformational mobility in the 
region of the tRNA which contains q. A. \E pairs often are 
found at the ends of helices where fA.U irtterantions are 
susceptible to fraying. It should be noted that we faded to 
detect a resonance for N1 of e13 located at the end of the 
dihydrouridine stem in E. coli tRNAc". Perhaps the NI 
proton is involved in hydrogen bonding but ~e interaction is 
too weak to prevent rapid exchange with water or factors 
other than stabilization by the M1 proton dictab repiacement 
of W by 

It is dm noteworthy that we saw a resonance for the N1 

TABLE I1 
tH and '5N chemical shifts for 4 Nl imino units in tRNA?, 

tRNAm, tRNAw, and tRNA% at I5 "C 

Relative to 2 , 2 - ~ ~ y ~ - 2 - s i I a p e n t a n e 3 - s u l f o n a t e .  
Relative to NH, at 25 "C. 
No signal observed. 

typical tRNA, the only peaks observed in the gpectra of the 
four tRNAs reported in this shdy were the N1 i m i o  units of 
9. There can be no question about the origin of the si&s 
we observed. The tRNAs are labeled with [l-?N]uracil, and 
of all the bases labeled by uracil, only N1 nitrogens in k have 
a directly attached proton. 

The added dispersion inherent in a two-dimensional FES 
map or FINDS with "M chemical shift correlation is essential 
for resolving peaks in even simple spectra For example, the 
two closely spaced * N1 proton resonanms in tRNA% m l w  
nicely in the =N dimension. The utiIity of chemicd shift 
correlation is even more impressive for tRNAph" where the 'H 
and I5N chemical shifts for W32, 6r39, and $55 overlap and 
resolution of the signals depends on the two-dimensional 
technique. Although the IH peak at 10.60 is much more 
intense than the resonance at 10.45 ppm in the JIDS spectrum 
of tRNA"", it would have been hazardous to conclude that 
two of the three N1 prutons have identical shifts. Imino 
protons in tRNAs often have nonintegral intensities because 
of differenoe in rates of relaxation or exchange with solvent 
(7). 

at that position. 
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,,*n of q32 in the anticodon loop of E. c ~ l i  tRNA- with 
&emid  s h i  also in the vicinity of 10.5 ppm AS previously 

for the N1 imino hydrogens in k at other lmations, 
&is value i n h c a h  hy-n bonding to a water molecule or 

h y h x y l  AIthough no x-ray data are 
avaibble for E. a ~ l i  tRNA& interesting observation can 
be made using the s t r u + ~  for yeast tRNA C5 of U32 in 

tRNAPh” is 55.5 A from oxygens attached at P31 and 
p32. This position corresponds to the location of Nl if U32 

converted to pseudowidhe and changes in overall to- 
peiogy were minimized- The distances are perfect fox a hydro- 
p n  bond between the N1 proton of 4 3 2  and a water molecule 
j,&d to one of the neighboring phosphate oxygens at P31 
or p32. Such an interaction would help stabilize the confor- 
mation of the anticodon loop. Additional work will be needed 
to verify th is  structure for E. coli tIzNkphe. 

lH-’W chemical shift correhtion, epecially the two-dimen- 
sional forbidden echo technique, i s  a powerful tool for the 
study of biopdymers in aqueous solutions. The p u b  sequence 
is datively straightforward and can be performed on most 
modern high field NMR spectrometers. The sensitivity and 
resolution of the techniques presented in this paper are in- 
verSery proportional to the proton line width for the imino 
unit, and dtim&Iy the methods will fail for large biopolymers 
because of excessive broadening of the resonanm. We have, 
however, recently obtained two-dimensional maps of 5 S RNA 
where the line widths are. approximately twice as wide as the 
ZO-Hz  lines typically seen for tRNAs. Of course, the proton 
in any lH-aN unit must be exchanging slowly with solvent to 
be observed, which l i m i t s  detection to bound protons on the 
surface of a biopdymer or inaccessible protans in the interior 
ofthe molecule. Fortunately, the most important protons with 
respect to structure or catalysis are those which form hydro- 
gen bonds. Although the specific applications discussed in 
this paper use 15N-Iabeled tRNAs, the high sensitivity of 
FLNDS and FES make them ideaIly suited for obtaipiig 15N 
spectra of protonated nitrogens at natural abundance when 
quantities of samples are not limited. Other ednsiom of the 
techniques include ’H-’aC chemical shift oorrehtion for pro- 
tonated carbons and metabolic stud& with or lac in vim. 

ne&hbring 
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